Previous studies have shown that Huangqi glycoprotein (HQGP) has an anti-inflammatory effect in vitro, and suppressed experimental autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis; however, the mechanism underlying its effect is largely unknown. In this manuscript we investigated the mechanisms by which HQGP protect mice from EAE. HQGP was extracted from Astragalus membranaceus and purified by anion-exchange and gel filtration chromatography. HQGP delayed disease onset, reduced disease severity and alleviated inflammation and demyelination in the central nervous system (CNS). Moreover, HQGP reduced the infiltration of pathogenic immune cells and increased the expression of microtubule-associated protein 2 (MAP-2) and neuronal nuclei (NeuN) in the CNS. HQGP treatment also reduced the expression of chemokines such as CCL2 and CCL5 and the production of tumor necrosis factor α (TNF-α), interleukin (IL)-1β, IL-6, but increased the level of IL-10. These results demonstrate that HQGP suppressed EAE development by modulating the immune system and the infiltration of leukocytes to the CNS as well as promoting axon and neural repair.
Introduction
Multiple sclerosis (MS) is a chronic inflammatory demyelinating disease of the central nervous system (CNS) [9] . CD4 + T cells, monocytes/macrophages, dendritic cells, B cells and other immune cells are involved in the pathophysiology of MS and its animal model experimental autoimmune encephalomyelitis (EAE) [4, 8, 18] . Immune cells release inflammatory mediators such as tumor necrosis factor (TNF), interleukins (IL), interferon (IFN) and chemokines that perpetuate inflammation in the CNS and lead to axon and neu-ronal damage. CC chemokines can induce inflammatory cells to migrate and accumulate into the CNS [17, 19, 23, 28] , and their expression highly correlates with the severity of EAE and MS [2, 10] . For example, CCL2 and CCL5 promote the adhesion of leukocytes to endothelial cells, which further prompts leukocyte activation, leading to demyelination and axon damage in MS patients [25, 30] . Given that current MS treatments display certain disadvantages such as severe side effects and a high cost, new therapeutic approaches that address these issues will be of the utmost importance. Natural compounds and their derivatives have become an important source of new MS therapies [7, 14, 20] . The dry root of Astragalus membranaceus (commonly known as Huang Qi) is one of the most commonly used Chinese traditional medicines for its multitude of beneficial effects that include liver protection, anti-aging, anti-stress, and has been used to treat immune-related diseases [13, 15, 31] . In this study we investigated the protective effect of Huangqi glycoprotein (HQGP) on EAE. We found that HQGP could effectively improve the clinical symptoms of EAE, delay onset and regulate the immune function and its mechanisms of action rely on modulation of the immune system and neuroprotection. 
Material and methods Mice

Huangqi glycoprotein
HQGP was provided by the Experimental Center of Shanxi University of Chinese Medicine. The main chemical components of Astragalus membranaceus were Astragalus polysaccharides, saponins, flavonoids, amino acids and trace elements. Astragalus membranaceus was extracted by Tris-HCl buffer. The crude extract was purified by anion-exchange and gel filtration chromatography, then freeze-dried and identified as electrophoretically pure HQGP. The relative molecular weight of HQGP was 16.8 kDa. HQGP was dissolved in normal saline (NS) and diluted to 0.02 g/l with deionized water for use.
Experimental autoimmune encephalomyelitis induction and Huangqi glycoprotein treatment
Mice were randomly divided into two groups: the vehicle-treated control group (NS) and HQGP treatment group (HQGP). Induction and assessment of EAE were performed according to our previous research [33] .
Briefly, EAE was induced by subcutaneous immunization of the upper dorsal flanks with 300 μg of myelin oligodendrocyte glycoprotein peptide 35-55 (MOG 35-55 ) in complete Freund's adjuvant (Sigma, USA) supplemented with 3 mg/ml of Mycobacterium tuberculosis (BD Difco, USA) (400 μg/mice). Mice were then injected with 700 ng of pertussis toxin (Alexis, USA) as immunopotentiator via the abdominal cavity on the day of immunization and again 48 h later. HQGP was injected intraperitoneally at 1 mg/kg/day on day 3 post-immunization (p.i.) until day 18 p.i. Mice from the NS group were injected with the same volume of vehicle.
Clinical score
The clinical development of EAE was assessed since the day of immunization. Changes in body weight were also recorded daily. Clinical assessment of EAE scores was evaluated daily using the international grading standard of 0-5 as instructed [32] .
Hematoxylin/eosin staining and Luxol fast blue staining
On day 18 p.i., mice were perfused with normal saline and fixed with buffered paraformaldehyde (40 g/l) after anesthesia. The spinal cords (lower thoracic-lumbar) and brains of mice were removed and sliced (7 μm). The pathological changes of CNS of mice were detected by hematoxylin/eosin (H&E) staining. Demyelination in the white matter of the spinal cord of mice was observed by Luxol fast blue (LFB) staining. The number of inflammatory cells in each whole spinal section as well as the ratio of demyelination area to the white matter area in mice were determined by Image Pro Plus 6.0.
Immunofluorescence staining
Slices were incubated with 3% bovine serum (Serotec, Bicester, UK) for 30 minutes at room temperature (RT) to block unspecific binding. The frozen sections were incubated with primary antibodies at 4ºC overnight. Antibodies used in this study were: anti-CD11b (1 : 1000), anti-CD4 (1 : 1000), anti-CD68 (1 : 1000; all from eBioscience), anti-CCL2 (1 : 500; Abcam, UK), anti-CCL5 (1 : 500; R&D Systems Inc.), anti-MAP-2 (1 : 500; Millipore) and anti-NeuN (1 : 500; Millipore). Then the sections were incubated with corresponding secondary antibodies labeled with Alexa Fluor 555/488 (1 : 1000; Cell Signaling) at RT for 2 h. The number of positive cells in each section was counted by Image Pro Plus 6.0.
Detection of cytokines by enzyme-linked immunosorbent assay
Spleens were collected from EAE mice at day 18 p.i. and prepared for single cell suspension. After lysis of red blood cells, the mononuclear cells (MNCs) were adjusted to 5 × 10 6 /ml. MNCs were stimulated with MOG 35-55 (10 μg/ml) for 72 h at 37°C in a humidified atmosphere containing 5% CO 2 . The supernatant was collected and assayed for the detection of TNF-α, IL-1β, IL-6 and IL-10 by enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems Inc.) following the manufacturer's instructions. The results are expressed as pg/ml.
Statistical analysis
All experimental values are expressed as mean ± SD and analyzed by GraphPad Prism 5.0 software. Analysis between two groups were carried out by Student's t test and values of p < 0.05 were considered statistically significant.
Results
Huangqi glycoprotein delays disease onset and reduces clinical severity of experimental autoimmune encephalomyelitis
To investigate whether HQGP could suppress EAE development, we immunized C57BL/6 mice to induce EAE and half of the mice were daily treated with HQGP. Mice receiving NS were used as controls. Our results show that mice from the NS group had a disease incidence of 100% and the onset was at day 8.60 ±0.84 p.i. The mean maximum score was 3.50 ±0.67. Conversely, HQGP treatment delayed disease onset (11.60 ±1.78 p.i.) and reduced the maximum clinical score (1.60 ±0.52). From day 8 p.i., the daily clinical score of NS-treated control EAE mice was higher than that of HQGP treated group (Fig. 1A) . HQGP also relieved weight loss of mice ( Fig. 1B ).
Huangqi glycoprotein modulates inflammation and alleviates demyelination in the central nervous system
We then evaluated the inflammation in the CNS of EAE mice. Histological analysis revealed that mice from the NS group had an extensive infiltration of inflammatory cells into the white matter of the spinal cord and brain (Fig. 2) . Conversely, HQGP-treated mice had a significant improvement of inflammation in the CNS compared with NS-treated mice (Fig. 2) . Analysis of the demyelination in the spinal cords revealed that the area of demyelination in the HQGP treatment group decreased significantly compared with mice from the NS group ( Fig. 3 ). 
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Huangqi glycoprotein reduces immune cell infiltration in the central nervous system of experimental autoimmune encephalomyelitis mice
Characterization of the cells that infiltrated the CNS revealed that NS-treated mice had a high frequency of CD11b + monocytes, CD4 + T cells, and CD68 + macrophages as a result of CNS inflammation. Moreover, mice from the HQGP-treated group showed a significantly reduced frequency of these cells compared to mice from the NS group (Figs. 4-6 ).
Huangqi glycoprotein inhibits the expression of CCL2, CCL5 and CCR5 in experimental autoimmune encephalomyelitis control mice
Given that we observed a reduction in the cellular infiltration in the CNS of HQGP-treated mice, we analyze the production of CCL2 and CCL5 in the CNS by immunofluorescence as these chemokines play a major role in the CNS infiltration by leukocytes during EAE. We also analyzed the expression of CCR5, the receptor for CCL2 and CCL5, in the infil- trating cells in the CNS. Our results showed that the expression of CCL2, CCL5 and CCR5 in HQGP-treated mice was significantly reduced compared with NS-treated control mice (Figs. 7, 8 ), suggesting that inhibition of expression of related chemokines/ chemokine receptors might reduce the infiltration of inflammatory cells into the CNS in EAE.
Huangqi glycoprotein regulates the secretion of inflammatory cytokines in the periphery
Infiltrating leukocytes in the CNS produce cytokines that promote an inflammatory cascade and attack myelin and neuronal axons. In this study, we measured levels of the cytokines TNF-α, IL-6, IL-1β and IL-10 in the supernatant of cultured splenic MNCs by ELISA. We found that the levels of TNF-α, IL-6 and IL-1β were significantly reduced, while the levels of IL-10 were increased in mice treated with HQGP compared with EAE control mice ( Fig. 9 , p < 0.01, p < 0.001).
Huangqi glycoprotein prevents axon damage and neuron loss in experimental autoimmune encephalomyelitis mice
Microtubule related protein-2 (MAP-2) is used as a marker of neuronal axons and neuron nuclear antigen (NeuN) is a specific marker of mature neurons. Given that both cell types are important for bona-fide function of the CNS and that EAE promotes a disturbance in these cells, we evaluated whether HQGP would protect mature neurons and neuronal axons from damage. Our results from immunofluorescence staining revealed that a dramatic axon damage and neuron loss in the spinal cord of NS-treated control mice was observed whereas HQGP increased MAP-2 and NeuN expression compared with NS-treated EAE control mice (Figs. 10, 11 ).
Discussion
Our present study showed that HQGP treatment effectively delayed disease onset and severity of EAE, inhibited CNS inflammatory infiltration, inhibited production of CCL2/CCL5 and proinflammatory cytokines, and protected neurons from inflammation-induced cell death. These results indicate that HQGP has anti-inflammatory and neuroprotective effects, and thus has potential as an alternative therapy for MS.
The migration of activated T cells and macrophages in the CNS across the impaired blood brain barrier (BBB) plays an important role in the development of MS/EAE [3, 27] . CD68 is the surface marker of macrophages and activated microglia [22] . CD11b, an important member of the leukocyte integrin β2 subfamily of adhesion molecules, is transferred to the surface of monocytes and neutrophils under the stimulation of TNF-α, IL-1 and other cytokines. Monocytes and neutrophils then adhere to vascular endothelial cells and release of oxygen free radicals, protease and cytokines, leading to BBB damage and further immune cell infiltration in the CNS [5] . Our data indicate that HQGP can effectively block this pathogenic process, as shown by significantly reduced numbers of infiltrated CD4 + T cells, CD68 + macrophages and CD11b + monocytes after HQGP treatment. Inhibiting the infiltration of immune cells into the CNS provides a solid basis for the effect of HQGP in reducing CNS tissue damage and EAE severity.
Myelin reactive immune response, which is initialized in the peripheral immune system, plays an important role in the pathogenesis of CNS autoimmunity. Peripheral immune organs contain a large B) The number of CD68 + cells was calculated by Image-Pro Plus 6.0 software. Results are expressed as mean ± SD (n = 6 each group). ***p < 0.001. One representative of three experiments with similar results is shown.
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number of lymphocytes and macrophages, which secrete several cytokines after inflammatory stimulation. TNF-α, IL-1β, and IL-6 are major inflammatory cytokines released by classically activated macrophages, while IL-10 produced by Th2 cells and alternatively activated macrophages is anti-inflammatory [26, 34] . In our study, the supernatants of splenocytes contained significantly reduced levels of TNF-α, IL-1β and IL-6 in cultures from mice from the HQGP-treated group, while levels of IL-10 were upregulated. These results indicate that HQGP could effectively alleviate the peripheral immune inflam-matory response, and enhance an immunomodulatory response in EAE mice. Activation of chemokine/chemokine receptor system can up-regulate the expression of integrin, activate leukocytes, and promote recruitment and degranulation of inflammatory cells. Among them, CCL5/CCR5 is of particular importance by mediating the infiltration of type 1 Th cells into the CNS during the development of EAE [6] . By combining with their receptor CCR5, CCL5 chemotactically accumulates monocytes and lymphocytes to enter the inflammatory region and participate in the inflammatory Fig. 9 . The role of Huangqi glycoprotein (HQGP) in autoantigen-induced cytokine profile in EAE mice. EAE mice treated with HQGP or NS were sacrificed on day 18 p.i. Splenocytes were isolated, following stimulation with MOG 35-55 (25 μg/ml) for 72 h. Supernatants were harvested and analyzed for the levels of TNF-α, IL-6, IL-1β and IL-10 using ELISA kits. Results are expressed as mean ± SD (n = 6 each group). **p < 0.01, ***p < 0.001. One representative of two experiments with similar results is shown.
IL-1β IL-10 TNF-α IL-6 NS HQGP immune response. It was found that CCL5 was actively expressed in demyelinating plaques of MS, suggesting that it was involved in the formation of demyelination of MS [12] . CCL2 contributes to the recruitment of myeloid dendritic cells and macrophages during EAE [11], and reduction of CCL2 expression in the spinal cord could diminish infiltration of CD4 + T cells and inflammatory monocytes into the spinal cord [21] . Consistent with the above findings, HQGP treatment decreased the infiltration of inflammatory cells in the CNS, probably by significantly inhibiting the expression of CCL2, CCL5/CCR5 in EAE mice. Microtubule-associated protein 2 is one of the main components of skeleton protein of nerve cells, which plays an important role in the development of neurons and axons. Reduced MAP-2 expression would lead to microtubules dysfunction such as transportation and plasticity in neurons [24] . It was reported that MAP-2 expression in the brain and spinal cord of EAE mice was significantly lower than that of the normal group [1] . NeuN is a stable and specific antigen marker of mature neurons, which reflects damage and repair of neurons. The positive expression intensity of NeuN could evaluate the maturity of neurons in this area [16, 29] . In our study, we found that, while the expression of MAP-2 and NeuN was relatively low, HQCP treatment largely enhanced their expression. Thus, HQGP could inhibit axon loss and neuron injury induced by EAE and promote nerve repair. 
In conclusion, the protective effect of HQGP on EAE mice is related to anti-inflammatory, immunoregulation and nerve tissue repair. HQGP, as an effective molecule derived from traditional herbal medicine, has potential to become a novel clinical therapy for MS. 
